A genetic contribution to a broad range of epilepsies has been postulated, and particularly copy number variations (CNVs) have emerged as significant genetic risk factors. However, the role of CNVs in patients with epilepsies with complex phenotypes is not known. Therefore, we investigated the role of CNVs in patients with unclassified epilepsies and complex phenotypes. A total of 222 patients from three European countries, including patients with structural lesions on magnetic resonance imaging (MRI), dysmorphic features, and multiple congenital anomalies, were clinically evaluated and screened for CNVs. MRI findings including acquired or developmental lesions and patient characteristics were subdivided and analyzed in subgroups. MRI data were available for 88.3% of patients, of whom 41.6% had abnormal MRI findings. Eighty-eight rare CNVs were discovered in 71 out of 222 patients (31.9%). Segregation of all identified variants could be assessed in 42 patients, 11 of which were de novo. The frequency of all structural variants and de novo variants was not statistically different between patients with or without MRI abnormalities or MRI subcategories. Patients with dysmorphic features were more likely to carry a rare CNV. Genome-wide screening methods for rare CNVs may provide clues for the genetic etiology in patients with a broader range of epilepsies than previously anticipated, including in patients with various brain anomalies detectable by MRI. Performing genome-wide screens for rare CNVs can be a valuable contribution to the routine diagnostic workup in patients with a broad range of childhood epilepsies.
INTRODUCTION
Epilepsies are frequent neurological disorders with a strong genetic component. 1 Decades of intense research have led to the discovery of several epilepsy genes, for which genetic testing can provide early diagnosis and guide optimal treatment. However, the genetic basis for the majority of refractory and childhood-onset epilepsies remains elusive. Many patients have epilepsies with complex phenotypes that are difficult to classify, sometimes with definite or questionable magnetic resonance imaging (MRI) abnormalities ranging from nonspecific findings to clear developmental abnormalities, some degree of dysmorphic features, mild-to-severe intellectual disability or psychiatric comorbidities.
Various classifications can be used to describe the epilepsy phenotypes in these patients, including the 1989 and 2010 classification of the International League Against Epilepsy (ILAE). 2, 3 However, the rare complex phenotypes including possible dysmorphic features, intellectual disability, and questionable or nonspecific MRI findings are sometimes not fully captured in either classification. We used existing 1989 ILAE categories for patients if possible, acknowledging that a large fraction of patients were difficult to classify. For some syndromes, we also use the current 2010 ILAE classification. We refer to the overall cohort as epilepsies with complex phenotypes.
Although this patient group represents a significant fraction of patients referred for genetic counseling, causative genetic alterations in known genes for monogenic seizure disorders are only identified in a small subset. Also, patients with these complex phenotypes are usually not included in current large-scale genetic studies. Accordingly, these epilepsies represent 'forgotten phenotypes' , and gene discovery in this group of patients is pressing and of major importance.
Copy number variations (CNVs) including microdeletions and microduplications have emerged as a new pathogenic principle in a range of neurological and psychiatric disorders in recent years. Genome-wide screens of focal and generalized epilepsy have identified recurrent microdeletions in up to 3% of patients with idiopathic generalized epilepsies (also genetic generalized epilepsies) and in 1% of focal epilepsies. 4, 5 Microdeletions at the chromosomal regions 15q13.3 and 16p13.11 are the most frequently identified variants, which are clearly established genetic risk factors for epilepsy. However, contribution to disease is modest, and carriers may present with variable phenotypes including a broad spectrum of different epilepsy subtypes, various neurodevelopmental disorders, and severe syndromes with multiple congenital anomalies (MCAs). Furthermore, these microdeletions are often transmitted from a healthy parent, illustrating the complexity of the underlying genetic architecture and disease mechanism. [5] [6] [7] In addition to recurrent CNVs, up to 10% of patients with various epilepsies carry a unique and possibly pathogenic CNV. 4 Although many of these variants may represent benign variants, the overall CNV burden in this group is clearly elevated as compared with control populations, 8 indicating that at least some of these variants are genetic risk factors.
The role of microdeletions and microduplications in seizure disorders extending beyond the group of well-classified non-lesional and non-syndromal epilepsies remains unclear. We therefore sought to investigate the rate of rare and recurrent CNVs in a large sample of cases with a complex epilepsy phenotype, including patients with or without intellectual disability, dysmorphic features, or MRI abnormalities. Most of these patients would have been classified as having symptomatic epilepsy in the 1989 ILAE classification.
MATERIALS AND METHODS

Clinical phenotyping
Patients were recruited from three centers, including two epilepsy centers (Kiel, Dianalund) and one clinical genetics center (Utrecht). In accordance with the overall aim of the study, the inclusion criteria were designed to allow for a selection of a highly diverse patient population with rare epilepsy phenotypes, which are usually not included in genetic studies either because of the phenotype or owing to the presence of abnormalities on MRI.
Patients for this study were selected on the basis of the following criteria: (1) rare epilepsies, which were not easily classified into existing common epilepsy syndromes such as Idiopathic/Genetic Generalized Epilepsy or Benign Rolandic Epilepsy, even though atypical presentations of common epilepsies were included; and (2) availability of MRI data on patients. The presence of apparently acquired lesions was not used as an exclusion criterion, as long as a genetic component was considered by the referring physicians -for example, when the seizure disorder was too severe or not typical for the type of lesion, or the pathology of the lesion was not clear. The study was approved by the local ethics boards at the University of Kiel, the Danish Epilepsy Center Dianalund, and the University of Utrecht.
MRI classification
Available information on MRI was included. MRI findings were divided into acquired or developmental lesions or nonspecific abnormalities. The developmental lesions were further subdivided into malformations of cortical development 9 and other lesions.
Genetic analysis
Patients from the center at Utrecht were genotyped using an Agilent 105K/ 180K comparative genomic hybridization (CGH) array and analyzed with the standard software provided by the manufacturer (Agilent Technologies, Inc., Santa Clara, CA, USA). Patients from the centers at Dianalund and Kiel were genotyped with Affymetrix 6.0 arrays and analyzed with the Affymetrix Genotyping Console (Affymetrix, Illumina, San Diego, CA, USA). The structural genomic variations for the entire sample were included in the analysis if the variant (1) was larger than 100 kb, (2) overlapped with a known gene, and (3a) did not overlap with a benign CNV in the Database of Genomic Variants or (3b) overlapped with previously reported pathogenic CNVs. For a subset of patients, parents were available for segregation analysis. CNVs were classified as pathogenic variants, likely pathogenic variants or as variants of unknown significance according to established guidelines. 10 In brief, CNVs were considered pathogenic if they represented de novo deletions or known deletions associated with human epilepsies. Likely pathogenic variants were de novo duplications and CNVs larger than 1 Mb that were inherited or of unknown inheritance. All other CNVs were considered of unknown significance.
Variants were annotated in hg19 as a reference sequence. Some arrays were analyzed based on hg18, which is indicated in the overall variant list (Supplementary 1 and 2).
Statistical analysis
Statistical analysis was performed with the R Statistical Package (http://www.rproject.org). Fisher's exact test was applied when appropriate. All tests were two-sided; confidence intervals and odds ratios were reported as appropriate.
RESULTS
Cohorts
The patient sample included 223 patients (129 male and 94 female patients) from the three participating centers (Utrecht n ¼ 155, Dianalund n ¼ 39, Kiel n ¼ 29). The epilepsy phenotypes of the patients are shown in Table 1 . A total of 137 patients were classified as having lesional or presumably lesional or structural epilepsy according to the most recent classification by the ILAE. 10 The frequencies of MRI abnormalities, dysmorphic features, multiple congenital abnormalities, intellectual disability, and other neurodevelopmental disorders are outlined in the sections below.
Overall frequency of rare structural variants
We identified 88 rare CNVs exceeding 100 kb in 71 patients (31.8%, Supplementary Table 1) . A female patient with monosomy of the X chromosome was excluded from further analysis of rare structural variants (patient NL69, see below 'other genetic findings'). An additional 19 variants smaller than 100 kb in size were detected in 19 patients (including six patients with additional larger variants) using the higher resolution of the array-CGH platform from the Utrecht center (Supplementary Table 2 ). Only one of these variants representing a deletion (patient NL8) was de novo (see below 'CNVs with additional mutations'). We further focused on the variants larger than 100 kb to allow for comparability between platforms. A total of 18 out of 88 variants were considered pathogenic including 10 de novo deletions, whereas 15 out of 88 variants were considered likely pathogenic and 55 out of 88 variants were of unknown significance, including 17 deletions and 38 duplications (ratioB1:2). The 88 variants were distributed in the 71 patients with identified variants as follows: 18 out of 71 patients carried at least a single pathogenic variant, 12 out of 71 patients carried at least a single likely pathogenic variant, and 41 out of 71 patients carried at least a single variant of unknown significance; 57 out of 71 patients had a single rare variant (15 pathogenic, 7 likely pathogenic, 35 unknown significance), 11 out of 71 patients had two variants and 3 patients had three variants. The median size of all variants was 410 kb (range 102 kb to 12.7 Mb). The size of 25 variants was between 100 and 200 kb (28.4%), 27 variants were between 200 and 500 kb (30.6%), 13 variants ranged between 500 kb and 1 Mb (14.8%), 19 variants were between 1 and 3 Mb (21.6%) and 4 variants were larger than 3 Mb (4.6%). All four variants larger than 3 Mb were de novo. Segregation of all identified variants could be assessed in 42 out of 71 patients, and 11 of these patients had at least a single de novo variant (26.1%, Table 2 ).
CNVs in genomic hotspots
CNVs in genomic hot-spot regions of the human genome 11 were identified in 11 out of 223 patients (4.9%) and were considered pathogenic (Table 3) . Duplications at 1q21.1 and 16p13.11 were found in one patient each. Similarly, microdeletions at 15q13.3 and 22q11.2 were detected in a single patient each. Microdeletions at 15q11.2, 6 16p13.11, 12 and 16p11.2 13 were observed in two patients each. Finally, one patient with unclassified focal epilepsy had a de novo 17p11.2 deletion consistent with the Smith-Magenis syndrome (SMS).
CNVs with additional mutations
Five patients with an additional monogenic cause for their epilepsy were identified in the cohort. All five patients carried a candidate CNV in addition to the disease-related monogenic variant, including one pathogenic variant and four variants of unknown significance. Two patients (NL9, NL23) had Dravet syndrome with mutations in SCN1A and carried duplications of unknown significance. Early in the course of the disease, patient NL9 did not show the typical presentation of Dravet syndrome, which prompted array-CGH analysis in addition to SCN1A testing. A previously unknown duplication at 14q22.1q22.2 spanning the GNG2 gene was identified through array-CGH. In patient NL23, array-CGH showing a paternally inherited duplication at 2q21.3 was performed because of microcephaly, a cleft lip and cleft palate in addition to clinical features of Dravet syndrome. Furthermore, patient NL60 with a maternally inherited duplication at 2q32.1 (unknown significance) was diagnosed with mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) after array-CGH, and was seen to be carrying a common MELAS-related mutation in the mitochondrial DNA (m.3243A4G). Patient NL62 had familial benign neonatal seizures with a deletion of KCNQ2; array-CGH was performed to assess the size of the deletion and an additional 15q11.2 deletion was identified (pathogenic variant). In patient NL18, the diagnosis of Tuberous Sclerosis Complex was made after array-CGH had been performed, which showed a maternally inherited duplication at 4q32.1 (unknown significance). In all five patients, array-CGH would not have been performed if the positive genetic finding had been detected before array-CGH. This suggests that array-CGH may be considered a part of the diagnostic workup in patients with known mutations if atypical clinical findings are present. Finally, two male patients NL41 and D16 carried inherited deletions of the DMD gene compatible with Duchenne muscular dystrophy. Although considered explanatory for the muscular symptoms, the association with the epilepsy phenotype is uncertain. Patient NL69 had monosomy of the X chromosome compatible with Turner syndrome and was excluded from the overall analysis. Table 4 . Of them, 82 were reported to have some abnormality on imaging. In these patients, 26 had lesions that were considered to be acquired, 38 had lesions classified as developmental, and 18 had nonspecific or unclassified lesions. The developmental lesions included 23 malformations of cortical development. Significant differences between subgroups with respect to the CNV burden were not found (Supplementary Table 3 ).
MRI findings
Information on MRI was available for 196 patients and is shown in
Dysmorphic features, MCAs
In 207 patients the presence of dysmorphic features could be assessed, and were present in 72 patients. Information on the presence of MCAs was available for the same 207 patients; MCA was present in 19 patients. Out of 222 patients, 13 had microcephaly and 5 had macrocephaly. Patients with dysmorphic features had a significantly higher CNV burden (Supplementary Table 3 ). However, this difference was due to CNVs of unknown significance and likely pathogenic CNVs. All other differences between subgroups were not significant.
Neurodevelopmental phenotypes
Information on neurological examination was available for 168 patients, of whom 91 were considered neurologically abnormal. Information on speech development was available for 201 patients, of whom 131 were considered abnormal. Gross motor development could be assessed in 206 patients, of whom 110 had abnormal motor development. Information on intellectual functioning and intellectual disability was available for 172 patients. A total of 140 of these patients had at least moderate intellectual disability. Information on behavioral phenotypes was available for 81 individuals, of whom 38 were considered to have normal behavior. The subgroup for behavioral phenotypes was small owing to the difficulties in assessing distinct behavioral phenotypes in patients with intellectual disability. The comparison of CNV frequency between subgroups and different classes of CNVs did not show significant differences, except for a significant excess of CNVs of unknown significance in patients without ID or behavioral problems. This result is possibly due to the small number of patients investigated.
Novel recurrent CNVs
No novel recurrent CNVs larger than 100 kb were detected. However, inclusion of CNVs smaller than 100 kb revealed two patients (NL54 and NL55) with an overlapping duplication at 7q36.3, including part of the PTPRN2 gene (Supplementary Figure 1) . However, as one duplication was intronic and as structural variants in other parts of the gene are found in controls, the pathogenic role of these duplications is questionable. Furthermore, we screened the sample for overlapping reciprocal CNVs, that is, deletions and duplications in the same region. Patients NL39 and NL66 both had a CNV in chromosomal band 9p24.3. The smallest overlap region contained a single gene, SMARCA2, which has recently been associated with Nicolaides-Baraitser syndrome 14 ( Supplementary  Figure 2) . However, duplications in other parts of this gene have been found as benign variants, raising issues regarding the pathogenicity of these variants.
DISCUSSION
In our study, we investigated the role of structural genomic variation in a sample of patients with rare epilepsies with complex phenotypes including patients with various MRI findings, dysmorphic features, developmental disorders, and MCAs. This sample allowed us to investigate the frequency of CNVs in epilepsies with complex phenotypes with and without additional features. We found a high frequency of rare CNVs in approximately 30% of patients with or without abnormal MRI findings, indicating that the overall frequency of rare CNVs does not depend on the presence of MRI findings. These results also apply when different classes of CNVs (unknown significance, likely pathogenic, pathogenic, de novo) are taken into consideration. This observation suggests that structural genomic variations have a role in a larger group of epilepsies than previously anticipated, including seizure disorders with various degrees of imaging abnormalities. We observed a higher frequency of CNVs in patients with dysmorphic features and/or MCAs. The observed rate of rare CNVs in patients with epilepsies and complex phenotypes is slightly lower as compared with those observed in patients with intellectual disability and autism, but is higher than expected in control cohorts. Cooper et al. reported a frequency of rare CNVs Z400 kb in 25.7% of 15 767 patients with intellectual disability compared with 11.5% in 8329 controls, 15 a difference that was even more pronounced with increasing CNV size -for example, 11.3% in cases versus 0.6% in controls for CNVs Z1.5 Mb. In our sample, 17.5% of patients had CNVs larger than 400 kb with 6.3% of patients carrying CNVs larger than 1.5 Mb. The differences in the frequencies of CNVs in our sample and published controls are significant both at the 400 kb level (P ¼ 0.007) and at the 1.5 Mb level (Po0.001). This comparison suggests an attributable risk of 6.2% for CNVs 4400 kb and 5.7% for CNVs 41.5 Mb. This finding is intriguing, implying that the attributable risk is largely due to the influence of larger CNVs.
In a significant number of patients a de novo variant could be confirmed. Three patients had de novo deletions consistent with known genomic disorders, including a microdeletion in 16p13.11 (D5), 16p11.2 (NL5), and 17p11.2 (NL4), the region implicated in SMS. In addition, two patients had terminal deletion syndromes including a terminal deletion of 6q (D10) and a terminal deletion of 3p (D34). Both deletions were the two largest deletions in our sample, exceeding 10 Mb. Epilepsy in 6q terminal deletion syndrome is a welldescribed feature, 16, 17 whereas intellectual disability is usually the most prominent feature in 3p deletion syndrome. 18, 19 As parents were not available for a significant proportion of patients, the frequency of de novo variants might be an underestimation.
In five patients with a rare CNV, a monogenic cause of the epilepsy was also present. This illustrates that the presence of a CNV does not preclude the possibility of a monogenic cause of the epilepsy. In children with epilepsy and developmental delay, array-CGH is often performed early in the process of etiological evaluation. When CNVs are found that may explain the epilepsy, monogenic causes can easily be overlooked. 20 We found three regions with overlapping CNVs in more than one patient, at 16p13.11, 7q36.3, and 9p23. The CNVs at 16p13.11 further limit the epilepsy candidate genes in this region to ABCC1 and ABCC6. Both genes are members of the MRP subfamily and have a role in multi-drug resistance.
The two other overlapping copy number variants at 7q36.3 and 9p23 identified in our sample did not delineate novel disease genes, as both candidate genes (PTPRN2 and SMARCA2) also contained a large number of benign duplications and deletions.
We did not observe significant group differences between patients with or without MRI findings, independent of the class of CNV investigated. In particular, several patients with known MRI abnormalities had genetic findings, which might contribute to the overall phenotype. In patient NL4, MRI revealed a paraventricular cyst in the right temporal lobe that was considered causal for underlying focal epilepsy by the treating physician. However, genetic analysis identified a 17p11.2 microdeletion, consistent with SMS. Epilepsy is a welldescribed feature of SMS. Although we are unable to clearly attribute the patient's epilepsy to the developmental MRI abnormality or to the de novo microdeletion, this case illustrates that even the presence of causally implicated MRI findings should not preclude genetic analysis. Similar arguments have been raised in patients with temporal lobe epilepsy, in which a significant subset of patients with resective surgery and good postoperative outcome carry large CNVs. 21 The patient sample included in our study is a mixed sample from three different centers with different backgrounds and is not population-based. In fact, it was the impetus of the investigation to assess CNV frequencies in patients not otherwise included in other welldefined epilepsy cohorts. This inclusion strategy might have confounded risk estimation and CNV frequencies. However, as baseline characteristics, for example, the overall CNV frequency, are in line with published data, we assume that the effect of our inclusion strategy would not have significantly biased the results.
Recommendations for clinical practice
We describe the frequency and the 'genetic landscape' 15 of CNVs in a diverse sample of patients with rare epilepsies and complex phenotypes, including in patients with a diverse phenotypic spectrum. The high frequency of CNVs irrespective of clinical phenotype indicates that screening for CNVs has the potential to identify relevant etiological genetic factors across a wide range of diverse epilepsies, independent of preexisting abnormalities. This suggests that array-CGH or SNP arrays may represent a powerful first-line screening tool in diverse epilepsy syndromes and should not be limited to epilepsies that are commonly assumed to be genetic. Array-CGH may also identify additional possibly pathogenic variants in known monogenic epilepsies, particularly if the phenotype has additional clinical features. The structural genomic variants described in this publication have been submitted to the Database of Genomic Variants Archive (http:// www.ebi.ac.uk/dgva/, accession number estd208).
